The presence of the odorous compounds, 2-methylisoborneol (MIB) and geosmin, as well as causative microorganisms in brackish intensive cultivation fishponds in Tianjin, China that had a severe earthy-musty odor were evaluated. The results revealed that MIB was the primary odorous compound present in the Tianjin fishponds, with a concentration ranging from 0.53-5302.7 ng·L
INTRODUCTION
The presence of an earthy-musty odor in cultivation fishponds is a common problem worldwide, and many studies have reported fishery losses and inconvenience to consumers as a result of such odors (Popovska 1983; Wnorowski 1992; Tucker 2000; Howgate 2004 ). In addition, several studies have found that these odors are related to the presence of actinomycetes (Persson & are primarily consumed by China's main provinces including Beijing, Hebei, Liaoning, Jilin, Heilongjiang and Inner Mongolia. Because of its unique geographical location, the aquaculture water in Tianjin fishponds is brackish, with a salt concentration of 0.2 -0.5%. Therefore, intensive highdensity cultivation of fish is conducted in this region.
However, episodes in which unpleasant earthy-musty odors were emitted from the fishponds in Tianjin have occurred in the last few decades, and this odor has caused great commercial losses.
To determine the cause of the earthy-musty odor emitted by the fish ponds, we continuously monitored Tianjin brackish water fishponds over several years using HSPME coupled with GC-MS (Headspace-Solid Phase Microextraction-Gas Chromatography-Mass Spectrometry) to determine which compounds were responsible for the odor. The results revealed that MIB was the primary odorous compound, and that this compound was common in fishponds throughout Tianjin. Furthermore, the results of the HSPME-GC-MS analysis revealed that the concentration of MIB was thousands of times higher than that of other odorous compounds present in the fishponds. In addition, we found that the microorganisms responsible for production of the odorous compounds were actinomycetes, and that their biomass was significantly correlated with the concentration of MIB.
Therefore, the species of actinomycetes present in the fishponds evaluated in this study was determined so that the greatest producer of odorous compounds could be identified. To accomplish this, we selected 3 representative fishponds of different sizes that had serious odor problems.
The composition of odorous compounds and the biomass of actinomycetes in these 3 ponds were then measured from the spring of 2006 to the winter of 2007. In addition, the 16 SrRNA of species of actinomycetes isolated from the 3 fish ponds was amplified and sequenced. Next, the ability of each of the isolated species to produce odorous compounds was evaluated under laboratory culture conditions. To the best of our knowledge, this is the first study to identify and evaluate odor producing actinomycetes isolated from brackish fishponds. The results of this study can be used as a base for future studies to determine methods to eliminate the severe earthy-musty odor emitted from Tianjin fishponds. 
MATERIALS AND METHODS

Materials
Methods
Earthy-musty odorous compounds determination
Water samples were placed in 125 ml airtight glass bottles and then stored at 48C until analysis. The concentrations of geosmin and MIB in all samples were then determined within 7 days using HSPME coupled with GC-MS (Lin et al. 2002) .
Actinomycetes biomass determination
To determine the biomass of actinomycetes in the samples, 0.1 ml of 0.5% phenol solution was added to a 10 ml water sample and then mixed thoroughly by inverting the samples repeatedly. Next, 10-fold serial dilutions were performed to dilute the sample to 10
22
, 10 23 and 10 24 , respectively, with 3 replicates being made for each sample. Samples were then plated onto Gao's medium (Yuan 1977) . The plates were then inverted and cultured for 7d at a temperature of 288C.
The concentration of actinomycetes in each sample was then calculated.
Actinomycetes identification
Strain isolation and observation. Sample water from fishponds was serially diluted and then streaked for isolation on Gao's medium (Yuan 1977) . The samples were then cultured in the dark at 258C for 28 days, after which the isolated cultures were purified and visually characterized.
DNA extraction and PCR. Genomic DNA was extracted and amplified by PCR using the method described by Xu et al. (Xu et al. 2003) . Next, 10 mL of the amplified 16 srRNA was subjected to electrophoresis in a 1.0% agarose gel at 90 V for 1.5 h. The gel was then photographed under ultraviolet light at 260 nm using the Documentation System.
16 SrRNA sequencing. Sequencing was conducted using the following primers: A, 5 0 -AGAGTTTGATCCTGGCT2-
Sequencing was conducted by BGI Life Tech Co., Ltd. using an ABI PRISM 3730DNA 
Determination of the actinomycetes odorous compounds producing ability
Suspensions of 6 species of Streptomyces were made and then used to inoculate Gao's liquid medium (1 £ 10 5 ind/L, 170 rpm/min) (Yuan 1977) . The samples were then cultured for 9 days at 308C in the dark with shaking. Fifty millilitres of the fermented liquid was then centrifuged for 10 min at 4,000 rpm. A 2 -20 ml aliquot of the supernatant was then collected and suspended in 50 ml of distilled water. Next, the MIB content produced by each species of Streptomyces was determined. The biomass of each species of Streptomyces was then calculated based on their dry weight, which was determined by drying 50 ml of fermented liquid in a 1058C oven for 1 h.
Statistical analysis
Correlations between MIB concentration and the parameters including actinomycetes biomass, phytoplankton biomass, pH, DO, temperature and salinity were examined by Pearson's rank correlation test, and when the p value was below 0.05, the linear regression between the MIB concentration and parameters was regarded as significant.
RESULTS
Odorous compounds concentration
MIB and geosmin were found to be present in all of the brackish fishponds evaluated in this study, with concen- Table 2) .
Actinomycetes biomass
The biomass of the actinomycetes in fishponds in Tianjin is shown in 
Isolated actinomycetes species
Morphology and culture characteristics of isolated actinomycetes Actinomycetes were isolated from every pond, and a total of 9 species were identified based on their culture characteristics. The 9 identified species belonged to the following 4 genera: Micromonospora, Nocardioides, Streptomyces and Actinomadura.
Colonies of Sp7 were small, smooth and had a single basal hypha that ruptured into short lengths after 10 hours of culture. It was up to the characteristics of Nocardioides.
Sp8 had thick substrate mycelia and rare aerial mycelia; therefore, it was identified as Actinomadura. Sp9 was identified as Micromonospora based on the presence of well developed substrate mycelia, a single spore in the inner substrate mycelia and the absence of aerial mycelia. The remaining 6 strains isolated in this study exhibited traits common to Streptomyces, which included well developed substrate mycelia, long spore chains in aerial mycelia, and spore chains that could polarize into spores (see Table 3 and Figure 1 ). 
S rDNA sequences of isolated actinomycetes
The sequences of Sp1-Sp9, which were all approximately 1,400 bp, were compared with known sequences of Streptomyces, Nocardioides, Micromonospora, and Actinomadura present in the GenBank database, and an evolutionary tree was then constructed. (Figure 2 ) As can be seen in the evolutionary tree, these 9 strains belonged to 4 different branches corresponding to Streptomyces, Nocardioides, Micromonospora and Actinomadura. These findings were consistent with the identifications that were made based on the morphological evaluations.
Species of actinomycetes in ponds in Tianjin
The results revealed that there were 4 genera and 9 species of actinomycetes isolated from ponds in this study. Among these were 6 species of Streptomyces, 1 species of Nocardioides, 1 species of Micromonospora and 1 species of Actinomadura. Specifically, 6 species of actinomycetes belonging to 3 genera were isolated from pond #1, 7 species of actinomycetes belonging to 4 genera were isolated from pond #2, and 7 species of actinomycetes belonging to 4 genera were isolated from pond #3 ( Table 2 ).
The appearance frequency and biomass of the individual actinomycetes are shown in Table 2 . Frequency analysis of the actinomycetes revealed that, Sp1, Sp2, Sp6, Sp7 and Sp9 were present in each of the ponds. In addition, frequency analysis indicated that Sp1 was present in 10 of the 12 samples evaluated, making it the most common species in the 3 ponds. This was followed by Sp7, which was present in 9 samples, and then by Sp2, Sp9, and Sp6, which were present in 7, 7 and 6 samples, respectively.
When the numbers of genera in the ponds were evaluated, Streptomyces was found to be the most dominant species in 75% of the ponds and to represent 60% of the total biomass. Of the remaining genera of actinomycetes isolated in this study, Micromonospora had the largest biomass, while Actinomadura had the lowest.
Isolated Streptomyces' MIB producing ability
The ability of Streptomyces to produce odorous compounds, which is described in detail in Table 4 , was as follows:
Sp2 . Sp3 . Sp5 . Sp4 . Sp1 . Sp6. And the MIB The results of this study confirmed the results of our previous study, which indicated that MIB was the primary odorous compound in Tianjin fishponds. The results were similar to the results of a study conducted on fishponds in Donghu of Wuhan, China (Xu et al. 1999) . Furthermore, the MIB content in Tianjin ponds was higher than that of many other water bodies including Donghu Lake in Wuhan (10 -317 ng L 21 ) (Xu et al. 1999) , the Arno River in Italy However, the results of this study differed from the results of studies conducted on Beijing fishponds in China (Xu et al. 2007) , the Arno River in Italy (Lanciotti et al. 2003) and Lake Kasumigaura in Japan (Sugiura & Nakano 2000) which indicated that the geosmin concentration was higher than that of MIB. Taken together, these findings indicate that there is a difference in the primary odorproducing compounds in different areas and waters.
On the other hand, the results of the statistical analysis revealed that there was a significant correlation between MIB content and the entire biomass of actinomycetes, but not the biomass of blue algae, and the total biomass of actinomycetes in the fishponds in Tianjin is generally higher than that of West Lake in Hangzhou, China (35 £ 10 6 cfu·ml 21 ) , Donghu Lake in Wuhan (4.6 -7 £ 10 6 cfu·ml 21 ) (Xu et al. 1999) , Lake Kasumigaura in Japan (0-8 cfu·ml 21 ) (Sugiura & Nakano 2000) , Elbow River in Canada (0-257 cfu·ml 21 ) (Zaitlin et al. 2003b) , and the Arno River in Italy (120 -17,800 cfu·ml 21 ) (Lanciotti et al. 2003) , which indicate that actinomycetes are closely related to the generation of the odorous compound MIB in Tianjin fishponds.
Common species and dominant species of actinomycetes in Tianjin fishponds
The results of this study revealed that actinomycetes were popular in brackish intensive cultivation fishponds in Tianjin, and that Streptomyces, Nocardioides and Micromonospora were the most common species, while Streptomyces was the most dominant species. The common species of actinomycetes were similar to the species observed in the Arno River in Italy (Lanciotti et al. 2003) , in which the common species were found to be Streptomyces, Micromonospora and Nocardia, but differed from those of studies conducted on plateau lakes in Yunnan, China ( Jiang & Xu 1984 , 1996 which Rhodococcus and Nocardia were the most common and dominant species.
It is important to note that the dominant species of actinomycetes observed in Tianjin fishponds was the same as that observed in Danish fishponds (Klausen et al. 2005) .
Further investigations comparing the structure of actinomycetes in brackish fishponds and other waters deserved to be conducted.
Relationship between odorous compounds and species of actinomycetes in Tianjin fishponds
The results of our study revealed that the concentration of MIB was closely related to the actinomycetes in the fishponds. The previous studies revealed that there was strain specificity in the ability of actinomycetes to produce odorous (Yagi et al. 1987; Aoyama 1990; Schrader & Blevins 1993) . In this study, Streptomyces, Micromonospora and Actinomadura, which are typical actinomycetes associated with odorous compounds, were all found in Tianjin fishponds (Gerber 1968 (Gerber , 1969 Wood et al. 1983) . When the density was considered, there were fewer actinomycetes found in ponds in Tianjin than in plateau lakes; however, the dominant species of actinomycetes in the ponds of Tianjin were Streptomyces (75% of the ponds had dominant species of Streptomyces, and Streptomyces in 60% of the ponds accounted for more than 50% of the total biomass). It has been reported that the earthy-musty odor in fishponds in
Tianjin are more severe than in plateau lakes in Yunnan.
These findings supported the results of other studies (Gerber 1968 (Gerber , 1969 Wood et al. 1983 ) which indicated that the odorous compounds producing ability of Streptomyces is even greater than that of other genera.
In addition, the dominant species observed in our study were different from those observed in other lakes and rivers, but were the same as those observed in Danish fishponds.
This finding indicates that identical dominant species may be associated with the severe earthy-musty odor that is commonly associated with fishponds.
Sp2, an actinomycete isolated from fishponds in Tianjin, China, has a strong ability to produce odorous compounds As shown in Table 3 , Sp1, Sp6, Sp7 and Sp9 produced both high and low rates of MIB, which indicates that they have a general capacity to produce odorous compounds. Conversely, Sp6 and Sp9 were only found to produce low levels of MIB, even though the biomass of Sp9 was very high, indicating that Sp9 is able to produce only a small amount of MIB. Conversely, Sp2 only produced a high level of MIB.
Specifically, when the MIB producing ability was observed under laboratory conditions, the MIB concentrations produced by Sp2 was higher significantly than previous reports, and in this study Sp2 produced 7 -2,000 times more MIB than the other species, while Sp1 and Sp6 produced only a small amount of MIB. Taken together, these findings indicate that Sp2 may be the primary source of the severe earthy-musty odorants found in fishponds in Tianjin.
CONCLUSION
Overall, the results of this study demonstrated that actinomycetes are common in brackish intensive cultivation fishponds in Tianjin, China. In addition, the most common actinomycetes were found to be Streptomyces, Nocardioides
and Micromonospora, and Streptomyces was the most dominant species. Furthermore, the primary odorous compound was found to MIB. The concentration of MIB was found to be correlated with the biomass of actinomycetes, as well as with individual species of actinomycetes, especially Sp2. Therefore, Sp2 should be studied further to confirm that it is the source of the earthy-musty odor emitted from brackish intensive cultivation fishponds in Tianjin, China and to determine a method to eliminate it.
